de Camilli. Two closely related endocytic proteins that share a common OCRL-binding motif with APPL1..
Two closely related endocytic proteins that share a common OCRL-binding motif with APPL1 I nositol phospholipids play a critical regulatory function in cell physiology, including membrane traffic. The interconversion of different phosphoinositide species via the action of kinases and phosphatases plays a key role in the maturation and progression of membranes through different stations of the exocytic and endocytic pathways, coordinating these processes with signaling reactions. Thus, the correct spatial and temporal regulation of these enzymes is of central importance (1, 2) . As a consequence, not only the lack of these enzymes but also the disruption of their interactions can have profound effects on cell function and result in pathological conditions (2) (3) (4) (5) (6) (7) (8) (9) .
Two human diseases are caused by mutations in an enzyme that selectively dephosphorylates the inositol ring at the 5′ position, using phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ] and phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P 3 ], two phosphoinositides concentrated in the plasma membrane, as its preferred substrates (10) . One such disease is oculocerebrorenal syndrome of Lowe (hence the enzyme name "OCRL") (3, 11) . This condition, also referred to as "Lowe syndrome," is a severe X-linked disorder characterized by congenital cataracts (12) , kidney readsorption defects caused by proximal tubule dysfunction, cognitive impairment, muscle hypotonia, and autism spectrum behavioral disorders (13, 14) . The other condition is Dent disease, an X-linked disorder involving kidney defects very similar to those associated with Lowe syndrome but, for reasons not yet known, few other dysfunctions (15) (16) (17) (18) (19) .
OCRL comprises an N-terminal Pleckstrin Homology (PH) domain followed in sequence by a central inositol 5′-phosphatase domain, an ASPM-SPD-2-Hydin (ASH) domain, and a catalytically inactive RhoGAP (GTPase Activating Protein)-like domain (20) . OCRL interacts with several endocytic proteins, including clathrin (20) (21) (22) (23) , the clathrin adaptor AP2 (21, 24) , and several endocytic (e. g., Rab5) (25, 26) and nonendocytic Rab GTPases (20, 26, 27) . It has a broad distribution on endosomes (24, 25) and also is present at late-stage clathrin-coated pits (20, (22) (23) (24) and in the Golgi complex area (23, 24, 28) . Through these localizations OCRL is thought to remove PI(4,5)P 2 and PI(3,4,5)P 3 from membranes that have been internalized and to prevent inappropriate accumulation of 5′-phosphorylated inositol phospholipids on internal membranes.
Disease-causing mutations occur in all regions of the OCRL coding sequence. Some mutations produce absence of the protein or either truncations or functional disruption of its inositol 5′ phosphatase domain (http://research.nhgri.nih.gov/lowe/). However, other mutations are truncations or missense mutations in the Cterminal ASH-RhoGAP-like module, indicating that this region, which is important for several protein interactions, is critical for function (29, 30) and that aberrant binding properties of missense mutations can compound the deficit caused by reduction in levels of protein expression commonly found in these mutations (17) . Importantly, fibroblasts from Lowe syndrome patients display an increase in the lipid substrate PI(4,5)P 2 , regardless of the kind of mutation (31) (32) (33) . This finding supports the idea that not only inositol 5′ phosphatase activity, but also proper regulation and localization of this activity via protein-protein interactions, is required for OCRL to act on specific phosphoinositide pools.
Recent work has identified the Rab5 effector APPL1 (Adaptor protein containing PH domain, PTB domain and Leucine Zipper motif 1) as a ligand of the ASH-RhoGAP-like domain (20, 29) . APPL1 resides on a subset of peripheral OCRL-positive endosomes (20, 34) that represent the earliest stations of endocytic traffic for a subset of endocytic vesicles (35) . This subset includes vesicles derived from clathrin-coated pits that internalize growth factor receptors and macropinosomes that originate from the activation of growth factor receptors and/or their downstream signaling machinery (35) . APPL1 binding was shown to be the only known OCRL interaction that is abolished by several mutations of the ASH-RhoGAP-like domain leading to Lowe syndrome (20, 29) , suggesting its key importance to OCRL function. However, APPL1 is present only in the vertebrate lineage, whereas the OCRL ASH-RhoGAP-like module is conserved throughout evolution, and the majority of amino acids required for APPL1 binding are preserved in the Drosophila ASH-RhoGAP-like domain. Here we describe a small, conserved protein, which we named "Ses" (from the word "sesquipedalian," meaning an unnecessarily long description of a simple thing). Ses, which arises in the invertebrate lineage, occurs as two isoforms in mammals and utilizes the same ligand-binding motif as APPL1 to bind OCRL. We show that Ses proteins reside on an OCRL-positive endocytic compartment downstream of APPL1 endosomes and that the Author contributions: L.E.S. and P.D.C. designed research; L.E.S., L.T., and M.P. performed research; L.E.S., L.T., M.P., and J.L. contributed new reagents/analytic tools; L.E.S. and P.D.C. analyzed data; and L.E.S. and P.D.C. wrote the paper.
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Freely available online through the PNAS open access option. (Fig. S1 ), including the conservation of those amino acids whose mutations are responsible for Lowe syndrome (29) (30) (31) (36) (37) (38) , and this paper), it seemed reasonable to assume that this module originally had evolved to bind proteins other than APPL1. In scanning the literature, it became apparent that one candidate interactor of OCRL had been isolated previously in a genome-wide yeast twohybrid screen of Drosophila melanogaster proteins (39) . This small 26-kDa protein, CG12393, which we named "Ses," is retained throughout evolution to Homo sapiens. In the same way that the invertebrate OCRL locus duplicates to encode the vertebrate proteins inositol-1,4,5-trisphosphate 5-phosphatase (INPP5B) and OCRL, so does the single invertebrate Ses locus duplicate to encode the vertebrate proteins Ses1/FAM109a and Ses2/FAM109b.
The N-terminal portion of Ses1/2, which comprises a PH domain followed by a predicted coiled-coil domain (Fig. 1A) , is well conserved across species and is similar in the two isoforms. The C-terminal portion, which is less conserved, is predicted to be primarily unfolded and to contain multiple putative SRC homology 3 domain-binding proline-rich (PxxP) motifs (Fig. 1A) .
To confirm the interaction of Ses1/2 with OCRL and to establish whether this interaction also occurs in primates, coimmunoprecipitation and GST pulldown experiments were performed using extracts of Cos7 cells expressing HA-tagged human Ses1 ( Fig. 1 B and C) or HA-Ses2 (Fig. 1C) , corresponding to the expressed sequences NM_175474.3 and BC104175, respectively. Anti-HA immunoprecipitates generated from these extracts were enriched for endogenous (monkey) OCRL, as revealed by Western blotting (but not for clathrin, used as a control), supporting conservation of the interaction (Fig. 1B) . Binding was mediated by the C-terminal region of Ses1, as shown by analysis of anti-HA immunoprecipitates from cells expressing the HA-tagged N-terminal PH-coiled-coil portion or the C-terminal portion of Ses1, respectively (Fig. 1B) . Conversely, GST pulldowns from HA-Ses1 or -Ses2-expressing cells using OCRL fragments as bait showed that HA-tagged Ses1 and Ses2 bound the ASH-RhoGAP-like domain of human OCRL (Fig. 1C) . Binding required both the presence of the ASH domain and of the RhoGAP-like domain (Fig. 1C ), in agreement with the previous report that these two domains are linked together tightly to form a single functional unit (20) .
Consistent with the similarity of the ASH-RhoGAP-like domains of OCRL and INPP5B, Ses1 also was pulled down by the INPP5B ASH-RhoGAP-like domain (Fig. S2 ).
OCRL and Ses Colocalize on Endosomes. To determine whether the biochemical interaction reflects physical proximity in cells, colocalization of the two proteins was explored by immunofluorescence. GFP-tagged human OCRL and Ses1 or Ses2 N-terminally tagged with the photostable red fluorescent protein variant TagRFP-T (40) were coexpressed in Cos7 cells. Striking colocalization was observed for both Ses1 and Ses2 with small OCRL-positive puncta previously shown to reflect predominantly endosomes ( Fig. 2A and Fig. S3 ) (20, 23) . Colocalization also was observed on larger vesicles (Fig.  2B ), which also were positive for phosphatidylinositol-3-phosphate (PI3P)-binding endosomal markers such as early endosomal antigen 1 (EEA1) (41) and WD repeat and FYVE domain containing 2 (WDFY2) (35, 42, 43) (Fig. 2C ). These organelles may have resulted from the coalescence and fusion of smaller endosomes or from the maturation of macropinosomes, given the known presence of OCRL on these organelles. Accordingly, GFP-OCRL and TagRFP-T-Ses1 also colocalized on macropinosomes generated by cotransfection with the dominantly active Ras, HRas V12G (Fig. S4 ). binding region in Ses1 and Ses2. The most heavily conserved amino acid stretch in the poorly conserved C terminus of the Ses proteins corresponds to the C-terminal 26 amino acids ( Fig. 3A and Fig. S5 ).
As shown by anti-HA immunoprecipitation from cells expressing the HA-tagged truncated protein, deletion of this region abolished OCRL coprecipitation, suggesting that it was necessary for the interaction (Fig. 3B ). Within this region, several amino acids are well conserved in all Ses proteins from Drosophila to man (Fig. 3A) . Interestingly, these amino acids define a motif that is reminiscent of the OCRL-binding motif in APPL1 (20) , including a phenylalanine essential for this interaction (Fig. 3C ). GST pulldowns from brain extracts using fragments of human Ses1 fused to GST demonstrated that the C-terminal portion of Ses1 also was sufficient for the interaction and mapped the minimal binding peptide to a sequence of 13 amino acids that contained the motif conserved between APPL1 and Ses1. Ses binding, however, critically required two additional C-terminal hydrophobic amino acids relative to the minimal APPL1-binding peptide (Fig. 3D) , which comprises only 11 amino acids (Fig. 3C ) that are preserved nearly identically from fish to man (20) .
Conservation in this 13 amino acid peptide among 55 Ses proteins sequenced from different species thus far was assessed by creating a weighted matrix of this region using the gapless multiple alignment of multiple sequences (GLAM) motif-generating engine (Fig. 3C ) (44) . This analysis revealed high conservation at four positions, namely an obligate F-x-x-x-H-x-x-Φ motif, which also is conserved in APPL1, as well as a Ses-specific hydrophobic residue at the 13th amino acid position in the peptide. Given that APPL1 binding is known to depend critically on the conserved phenylalanine in this peptide (20) , we examined if conserved phenylalanine also is required for Ses1 binding by performing anti-HA immunoprecipitation from cells expressing WT and mutant HA-Ses1 in which the phenylalanine of the Ses1 minimal OCRL binding motif was changed to alanine (HA-Ses1-F224A). Despite being expressed at equivalent levels to WT HA-Ses1, HA-Ses1-F224A did not coprecipitate endogenous OCRL, confirming that F224 is critical for OCRL binding (Fig. 3E) . Similar experiments were performed using an HA-Ses1 mutant harboring a mutation of the conserved histidine present in both Ses and APPL1. This mutation resulted in complete loss of OCRL binding as well (Fig. 3F) , confirming the importance of the F-x-x-x-H-x-x-Φ consensus motif (hereafter defined as a F&H motif) identified in APPL1 and Ses1 for OCRL binding. Mutations. We previously reported that disease-causing missense mutations in the ASH-RhoGAP-like domain of OCRL abolish APPL1 binding but not other interactions of this domain (20, 29) . Given the striking similarity of the Ses1/2 and APPL1 sequences required for binding to the ASH-RhoGAP-like domain, we examined whether disease-causing mutations affect APPL1 and Ses1/2 binding in the same way. GST pulldowns from brain extracts and transfected Cos7 cells using WT and mutant ASH-RhoGAPlike domains as bait [including the three previously unpublished mutations F668V, P799L, and P801L and the recently published N591K (37), L634P, and A861T (36) ] revealed that mutations that disrupt APPL1 binding also disrupt Ses1/2 binding (Fig. 4 and Fig.  S2 ). Importantly, two of the previously untested Lowe syndrome mutations (F668V and A861T) preserve both APPL1 and Ses1 binding.
Notably, pulldowns from brain extracts revealed that clathrin binding relative to WT is enhanced by mutations that impair APPL1/Ses binding but not by mutations that preserve the APPL1-Ses interaction. Steric hindrance may prevent clathrin binding when APPL1 or Ses is bound to the ASH-RhoGAP-like domain. Alternatively, disease-causing mutations of this region of OCRL may cause misfolding and favor peptide-mediated interactions (the interaction with clathrin) over those requiring a folded domain (the interaction with APPL1/Ses).
APPL1 and Ses Cannot Bind Simultaneously to OCRL.
The similar properties of the interaction of APPL1 and Ses proteins with OCRL prompted us to characterize the direct binding of the Ses peptide to the ASH-RhoGAP-like domain and the potential competition between the APPL1-and the Ses-binding peptides. Affinity measurements were performed using isothermal titration calorimetry (ITC). The affinity of the 13 amino acid minimal binding peptide of Ses1 for the OCRL ASH-RhoGAP-like domain was found to be 0.7 ± 0.08 μM, whereas, under the same experimental conditions, the affinity of the minimal binding peptide of APPL1 was found to be 12 ± 2μM, a value that compares well with the previously determined value of 20 μM (20) (Fig. 5) . Furthermore, the F224A mutation abolished binding, as predicted by immunoprecipitation experiments involving full-length Ses1 (Fig. 3E) . To test if APPL1 and Ses1 binding are mutually exclusive, the affinity of APPL1 for a preformed complex of the ASH-Rho-GAP-like domain with the Ses1 peptide was measured. No interaction was detected between APPL1 and this complex, suggesting that Ses1 binding occludes APPL1 binding to OCRL. This finding is consistent with APPL1 and the Ses proteins being competitive ligands of the OCRL ASH-RhoGAP-like domain.
APPL1 and Ses Associate with Distinct Endocytic Organelles. OCRL has a broad distribution on endosomes, including PI3P-positive endosomes, and already associates with endocytic vesicles at the internalization step from the plasma membrane (20) (21) (22) 35) . In contrast, we have shown that APPL1 associates with endosomes at early postinternalization stages (in both clathrin-coated pit-derived vesicles and macropinosomes) and then dissociates as endocytic vesicles become PI3P positive and thus acquire PI3P binding proteins such as WDFY2 and EEA1 (35) . Acute loss of PI3P, either by the acute recruitment of an inositol-3′-phosphatase to the endosomal surface or by treatment with the PI3P synthesis inhibitor wortmannin, perturbs this reaction. Under these conditions, the transition from the APPL1 to the WDFY2 and EEA1 stage is arrested, and WFDY2 and EEA1 are shed from vesicles which instead reacquire APPL1 (35) .
The colocalization of Ses with EEA1 and WDFY2 (Fig. 2) suggested that, in spite of their similar mode of binding to OCRL, APPL1 and Ses proteins are not localized on the same endocytic compartments. To address this question, GFP-APPL1 and TagRFP-T-Ses2 were cotransfected along with OCRL in Cos7 cells and were imaged live by widefield or spinning disk confocal microscopy. Because macropinosomes can be followed easily from frame to frame, we focused our observations on these organelles. These experiments showed that APPL1 and Ses2 indeed were localized on distinct populations of vesicles (Fig. 6A) and that many APPL1 macropinosomes converted to Ses-positive organelles ( Fig. 6B and Movie S1). Furthermore, wortmannin treatment resulted in the loss of Ses2 and in the replacement of Ses2 with APPL1 on the very same vesicles (Fig. 6C and Movie S2). These results, which are consistent with the competition of Ses and APPL1 for the same binding site in OCRL, demonstrate that APPL1 and Ses associate sequentially with endosomes and that Ses proteins are localized on a PI3P-positive compartment.
Discussion
We have characterized an interactor of OCRL, Ses, which is expressed as two very similar isoforms, Ses1 and Ses2, in mammalian cells. These proteins harbor an OCRL-binding motif in their C-terminal regions which shares common features with the previously described binding peptide of the endocytic adaptor APPL1 (20) . Together, the binding peptides of APPL1 and Ses define a consensus, referred to as "F&H," for OCRL binding. Both these proteins, like APPL1, are localized on endosomes, but in a mutually exclusive manner that correlates with different and sequential stages of progression along the endocytic pathway.
Studies of APPL1 had shown that APPL1 and OCRL are recruited to endosomes independently of each other, at least in part through the binding of both proteins to Rab5 (20, 26, 29, 34) . Thus, the APPL1-OCRL interaction is likely to have a synergistic or regulatory function. We speculate that, likewise, the recruitment of Ses to endosomes requires more than the interaction with OCRL. As suggested by the shedding of Ses upon PI3P depletion, Ses may receive multiple protein and lipid cues that may help the vectorial progression of endo- (20, 29) , the recently discovered patient mutations N591K, L634P, P799L, and P801L abolish APPL1 binding while preserving clathrin binding. P799L mutation causes Dent disease. All mutants deficient for APPL1 binding also are deficient for HA-Ses1 and HA-Ses2 binding; detectable but strongly decreased Ses2 binding occurred for the N591K mutant, including all mutants previously tested negative for APPL1 binding (Fig. S2 ) (20, 29) . Two mutations (F668V and A861T) preserve both APPL1 and Ses1/2 binding. Collectively, these results indicate that APPL1 and Ses proteins use a binding modality similar to that of the OCRL ASH-RhoGAP-like domain. somes from an APPL1-positve to a Ses-positive stage. Ses itself has a PH domain whose structure is highly similar to the 3′ phosphoinositide-binding protein, B-cell adaptor molecule of 32 kDa (BAM32)/ (45, 46) . However, no lipid binding of the Ses PH domain has been observed so far. The interaction between OCRL and APPL1 and the interaction of OCRL with Ses proteins may mediate regulatory mechanisms that are specific to two distinct endosomal stations.
Our study has implications for the understanding of Dent disease and Lowe syndrome pathology. We now have tested 12 different missense mutations of the OCRL ASH-RhoGAP-like domain, 11 of which cause Lowe syndrome and one of which, P799L, causes Dent disease. Ten of these mutants abolish both APPL1 and Ses binding, consistent with previous reports demonstrating loss of APPL1 binding of some of these mutants (20, 29) . Because one such mutant is the Dent disease mutant P799L, these findings indicate that a selective loss of APPL1/Ses binding to OCRL cannot explain differences between Lowe syndrome and Dent disease. However, A861T (36) and F668V (this study), which are both Lowe syndrome mutations, do not affect the binding of OCRL to either APPL1 or Ses1/2 and thus to the newly identified F&H consensus motif. It remains possible that such mutations may cause little or no protein expression. For example, the A861T mutation is both a missense and a splice-site mutation (32) , which may affect protein expression by generating a non-sense transcript. Alternatively, these two mutations may impair other interactions of the ASH-RhoGAP-like domain of OCRL. Identification of these interactions, which could be either intermolecular or intramolecular, will be useful in determining which properties of the ASH-RhoGAP-like domain must be coordinated to evoke correct OCRL function.
The identification of a consensus binding motif for the ASHRhoGAP-like domain of OCRL suggests that there may be additional ligands for this domain, besides APPL1 and Ses1/2. The ASHRhoGAP-like domain of OCRL-like 5′phosphatases is well conserved in many organisms, including the model organisms Caenorhabtidis elegans and Dictyostelium discoideum, where Ses-like and APPL1-like proteins are absent. These considerations raise the possibility that there may be at least one, even more ancient interactor of the ASH-RhoGAP-like domain to be identified. Unbiased scans of different genomes with the F&H consensus binding motif (Fig. 3) produced candidate hits in several proteins that participate in trafficking reactions in which OCRL has been implicated, such as traffic to and from endosomes. An important priority for future studies will be to validate these potential interactions and assess whether these proteins are involved in Lowe syndrome and Dent disease pathology.
Ses proteins are evolutionarily older than APPL1 and originally may have served some of the functions now fulfilled by the APPL1-OCRL interaction. Both APPL1 and Ses1/2 have PH domains, and their general structure suggests adaptor protein function. Intriguingly, Drosophila Ses and fish Ses1 proteins have clathrinbinding motifs (Esox lucius LIDL, Tetraodon nigroviridus LVDLD, Danio rerio LIDL, Drosophila melanogaster LIQL) whereas clathrin-binding motifs are absent from Ses proteins in higher organisms, suggesting that perhaps parts of the ancestral role of Ses proteins are now distributed over several proteins.
These results suggest that the OCRL protein may use its ASHRhoGAP-like binding surface at successive points in the endocytic pathway, binding a progression of different endocytic proteins via the same motif. In this manner one can speculate that Lowe syndrome and Dent disease may be caused, not by a malfunction at the level of a single endosome, but by cumulative defects in the endocytic cycle as OCRL fails to act at subsequent points on the endocytic pathway.
Methods
Plasmids. Human Ses1 and Ses2 ORFs (with stop codons) were amplified from plasmids encoding the mRNA sequences NM_175474.3 and BC104175, respectively (Open Biosystems) and subcloned into pcDNA3.1 HA via BamHI/ XhoI to produce N-terminally tagged HA-Ses1 and HA-Ses2. Ses1 and Ses2 subsequently were excised from these constructs with BamHI/XbaI and ligated to dam negative DNA from pmTagRFP-T-C1 (40) to produce Nterminally TagRFP-tagged Ses1 and Ses2. Site-directed mutagenesis (Stratagene QuikChange II XL) was used to generate the mutant constructs HA-Ses1-PH-CC and HA-Ses1Δ26 (by introducing stop codons at position G123 and F224, respectively) and the point mutants HA-Ses1 F224A and HASes1 H228A. The truncated construct HA-Ses1-CT, which comprises amino acids 132 to stop, was cloned into pcDNA3.1 HA via BamHI/XhoI as above. GST fusions of the Ses1 minimal OCRL-binding sequence, which comprise amino acids 223-233 followed by a stop codon (GST-Ses1 11mer) and amino acids 223-235 followed by a stop codon (GST-Ses1 13mer), were cloned into pGex6P-1 using BamHI/XhoI. All constructs were fully sequenced. GFP-OCRL is described elsewhere (20) , as are GFP-EEA1, GFP-APPL1, GFP-WDFY2, and Hras V12G (35) . Six mutations of the GST-OCRL ASH-RhoGAP were previously described (20, 29) . The previously uncharacterised mutants of the ASH-RhoGAP-like domain were introduced in the corresponding WT construct by the Stratagene QuikChange II XL kit. GST-ASH and GST-RhoGAP-like encode amino acids 564-678 and 678-stop of human OCRL. cDNAs were transfected in cultured cells via electroporation (Neucleofector; Fisher Scientific). 
CELL BIOLOGY
Antibodies. Mouse anti-clathrin heavy chain (TD1), mouse anti-human OCRL, rabbit anti-mouse OCRL, and rabbit anti-APPL1 were described previously (20, 29) . Peroxidase Anti-HA (3F10) was purchased from Roche Diagnostics.
Immunoprecipitation. Cos7 cells were extracted 24-36 h after transfection in chilled immunoprecipitation buffer [25 mM Hepes (pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.5 mM EDTA plus protease inhibitors (Complete Mini EDTA-free; Roche Diagnostics)]. The extract was sonicated, cleared by 15 minutes of 16,000 x g centrifugation at 4°C in a table-top microcentrifuge and incubated with either GST fusion proteins bound to glutathioneSepharose 4B (GE Healthcare Biosciences) or with anti-HA antibodies conjugated to agarose beads (anti-HA Affinity Matrix; Roche Diagnostics). Rat brain lysates were prepared as described (20, 29) . GST fusion proteins of the OCRL ASH-RhoGAP-like domain or mutants thereof were purified over glutathione Sepharose in 10% glycerol, 50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 1 mM DTT, adjusted to pH 8.0. Protein-coupled beads were kept at 4°C and never frozen before use.
Imaging. Transfected cells were seeded in glass-bottomed 35-mm dishes (MatTek Corporation) and imaged at 0.2 Hz at 37°C by either spinning disk confocal (Perkin-Elmer) or widefield (CTR6000; Leica Microsystems) microscopy. Images were processed using ImageJ (47) .
Isothermal Titration Calorimetry. Experiments were performed at the Keck Research Facility at Yale University. In each experiment, 3-μL aliquots of peptide solution (2 mM) were injected into a calorimetric cell preloaded with 1.4267 mL of the C-terminal region of OCRL (30 μM) using a rotating stirrer syringe (250-μL vol) every 240 s at 30°C. Both the peptide and the protein solutions contained 20 mM Hepes (pH 7.0), 20 mM NaCl and were degassed before use. To perform measurements on the preformed OCRL:Ses peptide complex, 1.4267 mL of a Ses peptide:OCRL ASH-RhoGAP-like domain mixture (138:27.9 μM; i.e., with a molar excess of the Ses peptide) was equilibrated in 20 mM Hepes (pH 7.0), 20 mM NaCl, and 3-μL aliquots of 2 mM of APPL1 peptide were injected as above.
To estimate a blank heat effect associated with dilution and mechanical phenomena, peptide injections into degassed buffer were performed before the titration with protein. ITC measurements were performed using a Microcal VP-ITC isothermal titration calorimeter equipped with a PC running VPViewer software (http://www.info.med.yale.edu/wmkeck/prochem/). Dissociation constant values were obtained with Origin software (MicroCal).
